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(54) High power lightwave transmitter using highly saturated amplifier for residual AM 
suppression 



(57) Stimulated Brillouin scattering has been effec- 
tively suppressed and the effect of residual amplitude 
modulation has been mitigated in a dithered optical 
transmitter (11) by injecting the dithered optical signal 
into an optical device, such as a highly saturated ampli- 
fier (15), whose small-signal intensity response at the 
dither frequency dampens the residual amplitude mod- 
ulation thereby decreasing the eye closure (alternatively, 
increasing the eye pattern opening). The optical device 



(15)(e.g., the highly saturated amplifier) exhibits a low 
frequency cutoff (-3dB) at a frequency greater than or 
equal to the inverse of the round trip time for a fiber span 
with the effective optical transmission length into which 
the optical signal power is launched. The dither rate is 
generally in the neighborhood of or below the low cutoff 
frequency. 
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Description 
Technical Held 

This invention relates to an apparatus and a method 
lor transmitting high power lightwave signals and, more 
particularly, for transmitting signals whose power 
exceeds the stimulated Briliouin scattering threshold. 

Background of the Invention 

In optical transmission systems and especially in 
systems having long unrepeatered ffoer spans, it is 
important to launch as high an optical power into the 
transmission fiber as possible. Unfortunately, the amount 
of launch power at a particular wavelength is limited by 
nonlinear phenomena such as stimulated Briliouin scat- 
tering ("SBS"), stimulated Raman scattering, self-phase 
modulation, four-photon mixing and cross-phase modu- 
lation. These phenomena can degrade the optical sig- 
nals and increase bit error rates for the data. 

Narrow linewidth laser sources are particularly vul- 
nerable to SBS problems because the SBS power 
threshold increases with increasing linewidth of the opti- 
cal signal being propagated. The SBS power threshold 
is arbitrarily defined as the input optical pump signal 
power level at which the powers of the input optical pump 
signal and the backward Stokes signal become equal. It 
is well known that dithering of the source optical wave- 
length for a narrow linewidth source is a useful technique 
for overcoming the power limitations imposed by SBS. 
Specifically, the source wavelength can be swept over 
some narrow band of wavelengths by directly modulating 
the source laser with a periodically varying dithering cur- 
rent. This technique permits higher launch power to be 
_ employed - well above the original SBS threshold for the 
source without dithering - without incurring the penalty 
of SBS. Present experiments have shown that a dither 
rate, for the source wavelength, at or above approxi- 
mately 5kHz is effective for suppressing SBS. See, for 
example, U. S. Patent 5,329,396 issued July 12, 1994. 

But, there is one problem for this dither technique. 
As the dither current sweeps back and forth, it imparts 
an amplitude modulation at the dither rate. The ampli- 
tude modulation varies the envelope of modulated sig- 
nal. For intensity modulated data, this additional or 
residual amplitude modulation on the intensity modu- 
lated signal penalizes the optical receiver by causing a 
closure of the eye pattern and thereby increasing the dif- 
ficulty of discriminating between zero and one optical 
data bits. In other words, the error rate increases with 
increasing dither rate. To date, no one is known to have 
addressed or solved this problem. 

Summary of the Invention 

Stimulated Briliouin scattering has been effectively 
suppressed and the effect of residual amplitude modu- 
lation has been mitigated in a dithered optical transmitter 



by injecting the dithered optical signal into an optical 
device, such as a highly saturated amplifier, whose 
small-signal intensity response at the dither frequency 
dampens the residual amplitude modulation thereby 

5 decreasing the eye closure (alternatively, increasing the 
eye pattern opening). The optical device (e.g., the highly 
saturated amplifier) exhibits a low frequency cutoff (- 
3dB) at a frequency greater than or equal to the inverse 
of the round trip time for a fiber span with the effective 

•to optical transmission length into which the optical signal 
power is launched. That is, the low cutoff frequency 
should be greater than or equal to c^nl^, where c is 
the speed of light in a vacuum, n is the effective refractive 
index for the transmission system, and L^ff is the effective 

15 optical fiber transmission length. 

Brief Description of the Drawing 

A more complete understanding of the invention 
20 may be obtained by reading the following description of 
specific illustrative embodiments of the invention in con- 
junction with the appended drawing in which: 

FIG. 1 shows a simplified block diagram of a light- 

25 wave transmission system including an illustrative 
lightwave transmitter realized in accordance with the 
principles of the present invention; 
FIG. 2 shows a graphical representation of linewidth 
broadening for a dithered optical source; 

30 FIGs. 3A - 3C show graphical plots of gain versus 
input power, gain versus output power, and small 
signal intensity response versus frequency for an 
exemplary highly saturated optical amplifier suitable 
for use in the present invention; 

35 FIGs. 4A shows an eye diagram for dithered optical 
transmitters without the highly saturated amplifier, 
whereas FIGs. 4B - 4D show eye diagrams at vari- 
ous dither rates for dithered optical transmitters 
including the highly saturated amplifier; and 

40 FIG. 5 shows a comparison of experimental results 
for dithered transmitters with and without the highly 
saturated amplifier. 

Detailed Description 

45 

FIG. 1 shows a block diagram of a transmission sys- 
tem including wavelength dithered transmitter 10, 
receiver 17, and optical transmission fiber 16 intercon- 
necting the transmitter and the receiver. The transmitter 
50 is capable of high power operation without the deleteri- 
ous effects of stimulated Briliouin scattering and residual 
amplitude modulation caused by dithering. 

Transmitter 10 includes laser 11, dither source 12. a 
bias, an external modulator 14, and amplifier 15. Exter- 
55 nal modulator 1 4 receives input data from a data source 
13. While the illustrative embodiment of the transmitter 
shown in FIG. 1 uses external modulation, it is contem- 
plated that the principles of the present invention will 
extend equally to directly modulated lasers. 
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Laser 1 1 is a nominally single frequency laser such 
as a distributed feedback laser or a distributed Bragg 
reflector laser or the like. An appropriate current ("BIAS") 
biases the laser for continuous wave operation. Dither 
source 12 supplies a periodic variation, such as a sinu- 
soidal or square wave signal, to the bias signal. Alterna- 
tively, dithering can be obtained by inducing a local 
periodic variation of the laser operating temperature. 

The effect of either of these dithering techniques is 
to sweep the optical carrier wavelength of the laser over 
a particular range of wavelengths at a periodic rate called 
a dither rate or frequency, f d . The dither signal causes 
the laser output to be frequency modulated independent 
of, and in addition to, any other modulation such as ana- 
log or digital information encoding. This frequency mod- 
ulation serves to increase the effective linewidth of the 
laser output. 

It has been shown that a desirable dither frequency 
is at or above c/2nL eft , where c is the speed of light in a 
vacuum, n is the effective refractive index for the trans- 
mission system, and L eft is the effective optical fiber 
transmission length. can be approximated as 
(1 -e" tzL )/a s 1/a , where a is the optical fiber attenua- 
tion constant and L is the actual length of optical fiber. 
Typical systems have a = 0.22 dB/km and is approx- 
imately.20 km. In most system applications, this trans- 
lates to a dither rate of greater than or equal to 
approximately 5kHz. 

The minimum dither frequency ensures that the 
absolute optical frequency of the Brillouin gain is shifted 
in a time equal to the transit time of the optical fiber. This 
prevents any significant length of optical fiber from being 
subjected to a narrow linewidth signal of a particular 
wavelength for any appreciable amount of time. As a 
result, the interaction length for the optical signal within 
the fiber is shortened, thereby inhibiting SBS over the 
length of the fiber. In accordance with the principles of 
the invention as described in more detail below, the max- 
imum dither frequency is bounded by the lower cutoff fre- 
quency (-3 dB point) for the optical device such as 
amplifier 15. 

FIG. 2 shows a graphical illustration of the effective 
linewidth broadening accomplished by dithering the 
laser bias current. Curves 201 , 202, and 203 are repre- 
sentative plots of the optical spectrum (intensity versus 
wavelength) for a typical single frequency laser biased 
at some fixed current l 0 . In normal operation, the laser 
produces an optical output signal having a fixed linewidth 
as shown by curve 201 centered about a wavelength X, 0 . 
When the dither signal is applied the bias current shifts 
between extremes and the laser outputs signals whose 
spectra are shown in curve 202 (bias at l 0 -Al) and curve 
203 (bias at l 0 +Al). As illustrated, each output spectrum 
is shifted by a wavelength AX. When the bias current is 
dithered so that it cyclically varies between l 0 -Al and 
l 0 +AI, the laser output when viewed over time appears 
to have a broadened output centered about X D and rep- 
resented by curve 204. 



The magnitude of the dither required to effectively 
suppress SBS depends upon the Av/AI frequency mod- 
ulation response of the laser, where Av /Al is the change 
in effective linewidth of the laser output per unit change 

5 in the laser bias current. Typical semiconductor lasers 
exhibit a frequency modulation response between 200 
MHz/mA and 1 GHz/mA. 

External modulator 1 4 provides intensity modulation 
for the output signal from laser 1 1 . Data from data source 

10 13 are encoded in a particular analog or digital format 
such as NRZ or RZ to create intensity variations in the 
laser output signal. 

In addition to the intensity variations produced by 
modulator 1 4, amplitude modulation ("AM ) related to the 

15 signal from dither source 1 2 also appears as a lower fre- 
quency intensity variation on the signals output from 
laser 1 1 and modulator 14. This additional AM signal is 
referred to as residual AM. It is this AM signal which cor- 
rupts the data received by receiver 17. Eye closure 

20 results at the receiver as shown in FIG. 4A for a 10 kHz 
dither signal. 

In order to mitigate the effects of residual AM caused 
by dithering the laser bias while still retaining the positive 
results of dithering (namely, suppression of SBS during 
25 higher power lightwave transmission), highly saturated 
amplifier 15 is optically coupled to the modulator output. 
Highly saturated optical amplifier 1 5 has a low cutoff fre- 
quency f c which is greater than or equal to 1/T R (where 
T R is the round trip transit time) established as c^nU^, 

30 where c is the speed of light in a vacuum, n is the effective 
refractive index for the transmission system, and L eff is 
the effective optical fiber transmission length. It should 
be noted that the dither frequency f d is also greater than 
or equal to G/2nLe ff . 

35 Amplifier 15, in one example from experimental 
practice, is realized as an erbium doped optical fiber 
amplifier. Characteristic gain and saturation recovery 
times of a non-saturated erbium doped optical fiber 
amplifier are typically on the order of 1 ms. Consequently, 

40 such an amplifier has little or no observable variation in 
the gain level when amplitude modulation of 10 kHz (e.g., 
residual amplitude modulation from the action of dither- 
ing the carrier wavelength of laser 1 1 ) is present on the 
input signal to the amplifier. The characteristic gain sat- 

45 uration and recovery times decrease with increasing lev- 
els of gain saturation. Lower limits on the saturation and 
the recovery times are each on the order of 10 fxs. Con- 
sequently, the gain of a highly saturated amplifier will not 
respond to variations in the input signal power on a time 

so scale shorter than approximately 1 0 jis. However, a 1 0 
kHz residual AM signal injected into a highly saturated 
amplifier on an intensity modulated signal will experience 
an intensity dependent gain which will reduce the mod- 
ulation index of the residual AM. 

55 FIGs. 3A through 3C show gain characteristics for 
an exemplary highly saturated erbium doped fiber ampli- 
fier suitable for use in the present invention. FIGs. 3A 
and 3B show the relationship of gain to input power and 
output power, respectively. FIG. 3C shows the small sig- 
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nal intensity response as a function of the frequency of 
the input signal measured via a square-law detector. In 
this FIG. t arbitrary units are shown and there are 
5dB/division along the ordinate. As shown in this FIG., 
useful dither signal frequencies from 5 kHz to almost 30 5 
kHz are below the low cutoff frequency of the amplifier. 
That is. they are at frequencies where the small signal 
intensity response is approximately 3dB or more below 
the peak response above dc for the amplifier. 

In one example from experimental practice, laser 11 10 
was a distributed Bragg reflector laser operating at 1558 
nm. A 10 v (peak-to-peak), 5 kHz signal from the dither 
source applied through a resistive connection to the laser 
achieved 1 0 kHz of dithering in the laser output by means 
of heating the laser diode (temperature dithering). The 15 
laser output was broadened to 12.5 GHz as a time-aver- 
aged FWHM measurement. In a second example from 
experimental practice, a 24 mA peak-to-peak 1 0 kHz cur- 
rent was superimposed on the dc bias of a DBR laser to 
obtain a laser linewidth broadening of 8.65 GHz. A 2.488 20 
Gbps pseudo-random bit sequence data signal was 
applied to a UNb0 3 Mach-Zehnder external optical 
intensity modulator. Prior to amplification, the modulated 
signal showed significant eye closure from the residual 
amplitude modulation caused by dithering. See FIG. 4A 25 
where the logical "1" rail is thickened thereby forcing the 
eye pattern to be more closed than expected. By passing 
this signal through the amplifier described above ( see 
FIGs. 3A-3C), it is possible to restore a significant 
amount of the eye opening as shown in FIG. 4B. FIGs. 30 
4C and 4D show eye pattern opening improvement as 
the dither frequency is reduced to 7kHz and 5 kHz, 
respectively, under the same other operating conditions. 

FIG. 5 shows a series of curves which depict the 
relationship of bit error rate to received power. The 35 
curves having circular data points employ a 5 kHz dither 
signal; the curves having triangular data points employ 
a 7 kHz dither signal; and the curves having square data 
points employ a 1 0 kHz dither signal. The curves having 
hollow square, triangular and circular data points relate 40 
to systems wherein transmitter 1 0 did not include a highly 
saturated amplifier 15. The curves having filled square, 
triangular and circular data points relate to systems 
wherein transmitter 10 included a highly saturated ampli- 
fier 1 5. The solid line curve on the left depicts an undith- 45 
ered transmission condition in which there is no dithering 
of the laser and the system launch power is less than 5 
dBm. All other curves represent a system launch power 
of approximately 23 dBm. 

Conclusions drawn from this experimental system so 
data are that the dithered transmitter which included a 
highly saturated amplifier offered improved performance 
over comparable transmitters using dithering alone. 
Improved performance can be seen as a considerably 
lower bit error rate (several orders of magnitude lower) ss 
for the same received power or a significant power 
advantage (greater than 3 dB) for the same bit error rate. 
The latter improvement can be translated into range 
extension for the system length, tt should also be noted 



that the dithered transmitter utilizing the highly saturated 
amplifier suffered a small penalty, less than 1 dB, with 
respect to the undithered system. 

Although the dithered transmitter is described above 
with an erbium doped fiber amplifier, it is contemplated 
that other amplifiers such as semiconductor amplifiers 
or Raman amplifiers can be used in the inventive trans- 
mitter. It is only required that the particular amplifier sat- 
isfy the small signal intensity response condition. Of 
course, other optical devices may satisfy the response 
condition above and therefore would be suitable for sub- 
stitution in transmitter 10 with amplifier 15. 

The present invention has been described in terms 
of reducing the residual amplitude modulation after 
intensity modulation has been performed. It is contem- 
plated, although not shown in the drawing, that the inten- 
sity modulator can be placed after amplifier 15. 

As described above, the present invention will retain 
the positive benefit of dithering the optical carrier wave- 
length of an optical source without the normally attend- 
ant negative feature. That is, the present invention will 
allow generation and launching of higher than expected 
power optical signals without experiencing the effects of 
SBS and with significantly reduced residual amplitude 
modulation. The present invention improves either range 
extension, which is important in setting optical fiber span 
length, or bit error rate for a particular span length. The 
present invention can also be used to lower the output 
power and thereby accept a particular bit error rate. 

The relationship between the low cutoff frequency 
and the dither rate. 



can be relaxed in that f d can be less than or equal to f c 
+ e, where e is a small frequency change to f c so that 
even at the new frequency f c + e the small signal intensity 
response provides an intensity dependent response and 
suppresses the residual amplitude modulation. 

Claims 

1 . Optical transmitter apparatus for generating a high 
power optical signal which is substantially immune 
from stimulated Brillouin scattering in a transmission 
medium having a refractive index n and an effective 
length L efft the apparatus comprising: 

a laser having a supplied bias current for gen- 
erating a continuous wave output signal operating at 
a predetermined optical carrier wavelength; 

means connected to the laser for dithering 
the optical carrier wavelength of the laser at a peri- 
odic rate, f d , said periodic rate being greater than or 
equal to c^nl.^, where c is the speed of light in a 
vacuum; 

an intensity modulator connected to an out- 
put of the laser for varying the intensity of the con- 
tinuous wave output signal; and 

highly saturated amplifier means responsive 



4 



BNSDOCID: <EP 0720313A1_I_> 



7 



EP0 720 313 A1 



3 



to an output signal from the intensity modulator for 
reducing a peak-to-peak amplitude of residual 
amplitude modulation on said intensity modulated 
output signal, said amplifier means having a low cut- 
off frequency. f& being greater than or equal to 5 
c^nLefl, and wherein c/2nL eff s f d ^f c . 

2. The optical transmitter apparatus as defined in claim 
1 CHARACTERIZED IN THAT the highly saturated 
amplifier means is an erbium doped optical fiber 10 
amplifier. 

3. The optical transmitter apparatus as defined in claim 
1 CHARACTERIZED IN THAT the highly saturated 
amplifier means is a semiconductor amplifier. 15 

4. The optical transmitter apparatus as defined in claim 

1 CHARACTERIZED IN THAT the highly saturated 
amplifier means is a Raman amplifier. 

20 

5. The optical transmitter apparatus as defined in claim 

2 CHARACTERIZED IN THATthe transmission 
medium is single-mode optical fiber and the periodic 
rate is greater than or equal to 5 kHz. 

25 

6. The optical transmitter apparatus as defined in claim 
1 CHARACTERIZED IN THAT the dithering means 
varies the bias current to the laser. 

7. The optical transmitter apparatus as defined in claim 30 
1 CHARACTERIZED IN THAT the dithering means 
varies an operating temperature of the laser. 

8. Method for generating a high power optical signal 
which is substantially immune from stimulated 35 
Brillouin scattering in a transmission medium having 

a refractive index n and an effective length L efft the 
method comprising the steps of: 

generating an optical output signal having a 
wavelength which varies at a periodic rate about a 40 
predetermined optical carrier wavelength; and 

reducing a peak-to-peak amplitude of resid- 
ual amplitude modulation on said optical output sig- 
nal by amplifying the signal so that the periodic rate 
occurs in a small signal intensity response region in 45 
the neighborhood of or below a low frequency cutoff 
and above or equal to c/2nL^ (f . 

9. The method as defined in claim 8 CHARACTER- 
IZED IN THAT the step of generating further so 
includes biasing a laser via a bias current to produce 

the optical output signal and dithering the bias cur- 
rent to the laser at a periodic rate, f d , said periodic 
rate being greater than or equal to c/2nl_e tt , where c 
is the speed of light in a vacuum to vary the wave- 55 
length of the optical output signal. 

10. The method as defined in claim 9 CHARACTER- 
IZED IN THAT the generating step further includes 



the step of modulating the intensity of the optical out- 
put signal in response to a data signal. 

11. Optical transmitter apparatus for generating a high 
power optical signal which is substantially immune 
from stimulated Brillouin scattering in a transmission 
medium having a refractive index nand an effective 
length L efft the apparatus comprising: 

an optical source for generating an intensity 
modulated output signal having a carrier wavelength 
which varies about a predetermined wavelength at 
a periodic rate, f d \ and 

highly saturated amplifier means responsive 
to the intensity modulated output signal for reducing 
a peak-to-peak amplitude of residual amplitude 
modulation occurring substantially related to said 
periodic rate on said intensity modulated output sig- 
nal, said amplifier means having a low cutoff fre- 
quency, / c , being greater than or equal to c^nU^, 
and wherein c/2nL eff ^ f d ^f c . 

12. Optical transmitter apparatus for generating a high 
power optical signal which is substantially immune 
from stimulated Brillouin scattering in a transmission 
medium having a refractive index n and an effective 
length L eff , the apparatus comprising: 

an optical source for generating a continuous 
wave output signal having a carrier wavelength 
which varies about a predetermined wavelength at 
a periodic rate, f d \ and 

highly saturated amplifier means responsive 
to the intensity modulated output signal for reducing 
a peak-to-peak amplitude of residual amplitude 
modulation occurring substantially related to said 
periodic rate on said intensity modulated output sig- 
nal, said amplifier means having a low cutoff fre- 
quency, / c , being greater than or equal to c^nl^, 
and wherein cl2nL eft ^ f d sf c . 
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